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We have developed complementary soft x-ray scattering and reflectometry techniques that allow for the 

morphological analysis of thin polymer films without resorting to chemical modification or isotopic 
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labeling.  With these techniques, we achieve significant, x-ray energy-dependent contrast between 

carbon atoms in different chemical environments using soft x-ray resonance at the carbon edge.  

Because carbon-containing samples absorb strongly in this region, the scattering length density depends 

on both the real and imaginary parts of the atomic scattering factors.  Using a model polymer film of 

poly(styrene-b-methyl methacrylate), we show that the soft x-ray reflectivity data is much more 

sensitive to these atomic scattering factors than the soft x-ray scattering data.  Nevertheless, fits to both 

types of data yield useful morphological details on the polymer’s lamellar structure that are consistent 

with each other and with literature values. 

Introduction 

Thin films of carbon-containing materials are found in a pervasive number of applications,1-5 ranging 

from well-established industrial binders and coatings to novel biomedical and optoelectronic devices 

based on recent advances in nanotechnology.  Phase separation through self-assembly gives these films 

the properties required by these applications; thus, determining the film structure and understanding its 

formation are key to unraveling the structure-property relationships.   However, determining the 

morphology of thin, carbon-based films via traditional x-ray and neutron scattering techniques is often 

difficult due to weak contrast between phases and small scattering volumes.  Consequently, standard 

scattering techniques often require either heavy atom, for x-rays, or deuterium labeling, for neutrons, to 

locate the various chemical constituents in the structure. Here we develop soft x-ray scattering and 

reflectometry techniques that allow us to analyze the morphology of thin polymer films whose phase-

separated domains are distinguishable without resorting to chemical modification or isotopic labeling.  

With these techniques, we achieve significant, x-ray energy-dependent contrast between carbon atoms 

in different chemical environments using soft x-ray resonance at the carbon edge. We demonstrate the 

use of this contrast mechanism on the phase-separated structure of a model thin polymer film.  While 

the realization of these methods represents a significant advance in our ability to probe the morphology 
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of thin polymer films, we expect that they will also find extensive use in the analysis of other thin, 

carbon-containing films often found in biological systems and new nanocomposite devices. 

Soft x-rays encompass an energy range (250 – 2500 eV) that includes the K absorption edges of light 

elements (e.g., C, N, O, Si, P, S).  The strong resonances in the atomic scattering factor, f, that occur 

near these edges result in large, energy-dependent variation in scattering amplitude near and across the 

absorption edge.  The resonant energy for a given element (e.g., C) depends on its chemical 

environment (e.g., C=C vs. C=O), resulting in significant differences in f(E) and an energy-dependent 

variation in scattering interferences, or contrast, between atoms of the same element in different 

chemical environments.  This phenomenon is the basis for resonant x-ray scattering, a method of 

contrast variation6 that has been largely limited to examining the local structure around heavy elements 

with higher energy absorption edges in the hard x-ray region. The use of soft x-ray resonance has been 

of increasing interest for resolving structure in magnetic7, 8 and correlated electron systems.9, 10 In 

polymers, this contrast mechanism has proven useful in soft x-ray microscopy,11 and, more recently, in 

soft x-ray reflectometry12, 13 (RSoXR) and scattering14-17 (RSoXS) of polymer films and nanoparticles.  

Otherwise, most applications of resonant x-ray scattering to polymers18-21 have heretofore been with 

hard x-rays.  Like contrast variation techniques used in neutron scattering, which require labeling with 

deuterium, hard x-ray resonance scattering requires chemical labeling using substituted heavy elements.  

Here, we report complementary RSoXS and RSoXR measurements that take advantage of soft x-ray 

resonance to generate energy-dependent contrast variation between carbon atoms of different chemical 

groups.  This technique allows us to probe phase-separated domain structure and composition on the 

nano-scale in thin polymer films without any chemical labeling or other modifications.  A preliminary 

report of part of this work was published in a recent proceedings of The American Chemical Society.16 

Experimental 

Materials. Films of the symmetric diblock copolymer poly(styrene-b-methyl methacrylate) (PS-

PMMA, 42,000 g/mol, Polymer Source) were prepared by spin-coating a 40 mg/mL solution in toluene 
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onto clean glass or silicon substrates, annealing at 170oC under vacuum, and quenching to 20oC on a 

thick metal plate.  To create free-standing films for transmission and scattering experiments, the films 

coated on the glass slides were floated onto water; this method was successful in creating uniform films 

with areas of at least 0.25 cm2 and thicknesses of 100 – 300 nm.  Free-standing films were mounted on 

aluminum squares with 5 mm x 2 mm slit or 2-mm diameter circular openings.   

Measurements. Soft x-ray experiments were conducted at beam line 6.3.2 at the Advanced Light 

Source, Lawrence Berkeley National Laboratory.  A 600-line/mm monochromator with ~0.15 eV 

resolution was used for all scattering and reflectometry measurements.  Reflectometry experiments were 

performed with films in silicon substrates, whereas transmission and scattering measurements were 

conducted with free-standing films in transmission geometry, relative to the incident beam.  Scattering 

data was collected using theta-energy scans and a Channeltron detector.  To avoid radiation damage, 

each energy scan was done at a different location on the film.  Transmission spectra and reflectivity data 

were collected with a wire (photodiode) detector. 

Calculations. By normalizing the transmission spectra against sample thickness, density, and 

chemical composition, we obtained the imaginary or absorptive part of the atomic scattering factor for 

carbon atoms in each polymer as a function of energy, fC"(E): 

    

fC E( ) =
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where E is energy, μ is the mass absorption coefficient, M is the molecular weight, b0 is the scattering 

length of a free electron, NA is Avogadro’s number,  is the wavelength, xi is the number of atoms of 

type i, the subscript C refers to carbon atoms, and the summation is over all atoms.  The experimental 

data was then scaled to the standard carbon absorption edge and spliced into the tabulated values of 

fC".
22 The real part of the atomic scattering factor fC'(E) was calculated via the Kramers-Kronig 

transformation of fC"(E), using the method of Hoyt et al.23 By combining these measured values of fC' 

and fC" with tabulated atomic scattering factors22 for all other atoms in each polymer, we calculated the 

scattering length densities ( ) and the complex refractive index components (  and ) of the two 
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polymers as a function of energy. The energy-dependent scattering length density is calculated as (E) = 

b(E)i/V, where V is volume and the scattering length b(E) = b0(Z + fi'(E) + ifi"(E)), where Z is the 

atomic number.  The averaged squared contrast for a two-phase system is given by the Debye 

expression 2 = 1( ) PS PMMA( )
2
, where  is the volume fraction of one of the phases. The 

complex index of refraction, n E( ) =1 E( ) i E( ) =1 2 E( ) / 2 , is related to the atomic scattering 

factors: E( ) = mNAb0
2

2 M
ni f E( )i  and E( ) = mNAb0

2

2 M
ni f E( )i , where m is the mass 

density. 

The low-Q scattering from the free-standing thin films was modeled as a lamellar phase of stacked, 

rectangular sheets with sharp phase boundaries, 
2

)Q(S)Q,Q,Q(F)Q(I
zzyx

, where F(Qx,Qy,Qz) is 

the form factor of a layer and S(Qz) is the structure factor along the z-axis; the brackets indicate an 

average over the distribution of orientations of the lamellae relative to the incident beam, which was 

taken to be in either of two states: parallel or perpendicular (90° ± 5°) to the plane of the film.  Although 

the lamellae were expected to align primarily parallel to the plane of the film, or perpendicular to the 

incident x-ray beam in transmission scattering geometry, the presence of some lamellae aligned 

perpendicular (90° ± 5°) to the plane of the film had to be included in the model to account for the peak 

observed in the low-Q scatter from the free-standing films (see Results & Discussion, Figure 2).  The 

scattering length density was assumed to vary only along the z-axis of the lamellar stacks.  Thus, the 

form factor along the x- and y-axes was given by )
LQ

(csinL)Q(F ii

iii
2

= , where i = x or y, Li is the 

sheet dimension in a given direction and sinc(x) = sin(x)/x.  Along the direction parallel to the layer 

normal (the z-axis), the form factor was expressed as 

    
Fz(Qz ) = PMMALz sinc(

QzLz

2
) + PS PMMALPSinc(

QzLPS

2
) , where Lz = 1.92 LPS and the scattering length 

densities are complex quantities computed as shown in Figure 1. The structure factor along z was that 
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for a finite, perfect 1-D lattice, 
)

dQ
sin(N

)
dNQ

sin(

)Q(S
zz

zz

z

2

2= , where N is the number of layers and dz = Lz. 

Results and Discussion 

Near the carbon absorption edge (~284 eV), transmission spectra (e.g., Figure 1a) reveal the excitation 

energies required to promote core (1s) electrons of carbon atoms into anti-bonding * and * orbitals; 

these spectroscopic fingerprints, commonly called near edge x-ray absorption fine structure (NEXAFS), 

are highly dependent on the bonding chemistry of the carbon atoms involved.24 We capitalize on these 

spectroscopic differences to generate contrast between different types of carbon atoms in RSoXS and 

RSoXR experiments that enable us to investigate structural features at the nanometer level (1 – 50 nm).  

To develop these capabilities for complex phase-separating sytems, we examined poly(styrene-b-methyl 

methacrylate) (PS-PMMA) diblock copolymers, whose phase behavior is well-understood. 

Differences in the soft x-ray transmission spectra of the homopolymers polystyrene (PS) and 

poly(methyl methacrylate) (PMMA) imply differences in the atomic scattering factors of these two 

polymers (Figure 1a, b).  The imaginary part of the atomic scattering factor fC" is a measure of the 

absorption by carbon atoms in each polymer, while the real part fC' is a measure of the dispersion.  The 

aromatic carbon atoms in PS absorb strongly at ~285 eV; in contrast, the carbonyl ester carbon in 

PMMA has an intense absorption at ~288 eV.25 From the data in Figure 1b, we calculated the squared 

difference in scattering length densities ( = ( PS – PMMA)2) of the two polymers as a function of energy 

(Figure 1c).  This result is proportional to the energy-dependent scattering intensity from completely 

segregated domains of PS and PMMA. This strong contrast results directly from differences in the 

chemical make-up of the two polymers, with the sharp peaks at ~285 and ~288 eV due to PS aromatic 

carbon absorption and PMMA ester carbonyl absorption, respectively. These core to * transitions 

provide a stronger contrast than the core to * transitions in the energy region above 290 eV.   
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Figure 1.  Soft x-ray (a) transmission spectra, (b) atomic scattering factors, and (c) the contrast from 

calculated scattering length densities for PS and PMMA homopolymers. 

 

We examined the low-Q scattering behavior of a thin, free-standing film of a symmetric PS-PMMA 

diblock copolymer film in transmission mode, as shown in Figure 2.  We observed a sharp peak at Q = 

4 (sin )/   0.023 Å-1
, which is consistent with a lamellar morphology with a period of ~28 nm.  Such a 

structure agrees with expectations based on literature data for other symmetric PS-PMMA diblock 

copolymers26-29 and with a self-consistent field (SCF) calculation for this diblock.30 

Because the contrast between PS and PMMA is a strong function of incident soft x-ray energy (as 

shown in Figure 1c), the peak heights in Figure 2 vary strongly as a function of energy.  The presence of 

the peak indicates that some of the lamellae are oriented perpendicular to the plane of the thin film.  

This perpendicular orientation could exist as defects in the interior of the film or on the film’s surface, 

i.e., around the circumference of lamellae islands27, 28 that we have observed by AFM (data not shown) 

on similarly prepared samples. To fit this data, we modeled the polymer film as stacked lamellar sheets, 

with the majority oriented parallel to the plane of the film and a small fraction in the perpendicular (90° 

± 5°) direction.  The difference in scattering length densities between PS and PMMA at each incident x-

ray energy was taken from the 2(E) curve shown in Figure 1c, thereby assuming a strong segregation 

of the PS and PMMA layers.  The ratio between PS and PMMA lamellar widths was taken from the 
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extensive literature26-29 for other symmetric PS-PMMA diblock copolymers, i.e., dPMMA = 0.92dPS.  The 

morphological parameters obtained from the fits at each incident x-ray energy were the lamellar bilayer 

period d (= 28.2 ± 0.6 nm), the number of bilayers in the stacked sheet N (= 7), the length Lx (= 55 ± 15 

nm) and width Ly (= 68 ± 11 nm) of the stacked sheet, respectively, and the fraction of lamellae aligned 

perpendicular to the plane of the film Fout (0.085 ± 0.052).  This lamellar model fits the data well, as 

shown by the solid lines in Figure 2, and yields reasonable values of the fit parameters for this polymer. 

 

Figure 2. Low-Q soft x-ray scattering data (open circles) from a free-standing PS-PMMA, symmetric 

diblock copolymer film and model fits (solid lines) at seven different soft x-ray incident energies. The 

ordinate is log intensity in arbitrary units with decades indicated on the axis.  The data at various 

energies are shifted downward by decades relative to the lowest energy (250 eV):  275 ev, -5; 280 eV, -

7; 285 eV, -10; 288 eV, -12; 291 eV, -14; 304 eV, -16.  The scattering length densities for the PS and 

PMMA domains were calculated from soft x-ray transmission spectra of the homopolymers (Figure 1). 
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Figures 3a and 3b show reflectivity data and initial model fits for two PS-PMMA films (200-nm and 

70-nm thick, respectively) on silicon substrates.  A multilayer model31 that uses the complex indices of 

refraction (n = 1 -  - i ) of each layer was used to fit the data.  As with the fits to the scattering data, we 

fixed some parameters: dPMMA = 0.92dPS, a PS half-layer at the surface and a PMMA half-layer at the 

interface with the silicon substrate.  For the initial fits shown in Figure 3, the refractive index 

components  and  for the individual PS and PMMA layers were calculated directly from the soft x-ray 

transmission spectra and atomic scattering factors of the respective homopolymers (Figure 1).  Below 

the absorption edge, this initial model fits the data well to give structures in agreement with expectations 

for both films.  Three parameters come from these fits to the data: d (26.6 and 27.7 nm), N (7.5 and 2.5), 

and  (1.8 nm), where  is the interfacial roughness / diffuseness with a sinusoidal interface profile.  

This same structure is used to calculate the model reflectivity at and above the absorption edge, but here 

discrepancies between the model and data clearly exist.  Although the general shape of the curve is 

matched, the model under-predicts the magnitude of the reflectivity at each energy.  Further, the model 

curves are generally shifted to lower Qz with respect to the data, which causes the model fits to miss the 

location of the Bragg peaks.   
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Figure 3.  Soft x-ray reflectivity data (open circles) and initial model fits (solid lines) for two PS-

PMMA diblock copolymer films.  The ordinate is log scale with decades indicated on the axis, with the 

maximum tick mark at R = 1.  (a) 200-nm thick: d = 26.6 nm, N = 7.5,  = 1.8 nm; data are shifted 

downward by decades relative to the lowest energy (250.6 eV): 270.6 eV, -3; 282.9 eV, -7; 284.8 eV, -

11; 286.1 eV, -13.  (b) 70-nm thick: d = 27.7 nm, N = 2.5,  = 1.8 nm; data are shifted downward by 

decades relative to the lowest energy (250 eV): 270 eV, -3; 284.5 eV, -5; 285 eV, -7; 286.7 eV, -10; 

287.5 eV, -12; 288 eV, -14.  The refractive index components  and  were calculated directly from the 

soft x-ray transmission spectra and atomic scattering factors of the respective homopolymers (Figure 1). 

 

By holding d, N, and  fixed at the values given above, we obtained better fits if  and  for PS and 

PMMA were allowed to vary from their calculated values.  The fits shown in Figures 4a and 4b were 

obtained from this fitting procedure (i.e., allowing  and  to vary) for data at energies that span the 
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range below and above the carbon absorption edge, and Figures 5a and 5b compare the fit values of  

and  to the calculated values.  While no specific attempt to ensure self-consistency of the fitted  and  

values was made, the fitted values deviate from the original values in a manner consistent with 

expectations from the Kramers-Kronig dispersion relation.  Below the absorption edge, the fit values for 

the refractive index components vary only slightly from the calculated values, but good fits to data 

above the absorption edge required larger variations in  and .  These - and -fit values suggest a 

higher contrast between PS and PMMA than that calculated from the transmission spectra (Figure 1c).  

Interestingly, if these - and -fit values are used to calculate the contrast terms in modeling the 

scattering data of Figure 2, equally good fits (see Figure 6) with similar results are obtained: d = 28.1 ± 

0.7 nm, N = 7, Lx = 56 ± 14 nm, Ly = 73 ± 15 nm, and Fout = 0.035 ± 0.021.  This result suggests that the 

reflectivity measurements are much more sensitive to small changes in the atomic scattering factors, at 

least for the PS-PMMA symmetric diblock copolymer studied here. 
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Figure 4.  Soft x-ray reflectivity data (open circles) and refined model fits (solid lines) for the two PS-

PMMA diblock copolymer films of Figure 3.  (a) and (b) are as described in Figure 3, but with 

refractive index components  and  used as fit parameters. 

 

Figure 5.  Reflectivity fit values (symbols) of (a)  and (b)  compared to those calculated from 

transmission measurements (solid lines), as a function of soft x-ray incident energy.  Open circles 

represent fit values obtained for data of the 200-nm PS-PMMA film (of Figure 4a), while the “ ” 

symbols are from the 70-nm film (of Figure 4b). 
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Figure 6. Low-Q soft x-ray scattering data (open circles) and fits (solid lines) for the PS-PMMA free-

standing film of Figure 2.  Here, the scattering length densities for the PS and PMMA domains were 

taken from the refined fits to the soft x-ray reflectivity data, in which  and  were used as fit 

parameters. 

 

The small discrepancies between the computed and fitted refractive index components most likely 

result from differences in orientation of the styrene and methacrylate moieties in the diblock copolymer 

as compared to the homopolymers.  The intensity of the absorption resonances (shown for the 

homopolymers in Figure 1) depends on the angle between the polarized electric field vector of the x-

rays and the orientation of the valence orbitals involved in the resonance absorption (e.g., the  orbitals 

of the PS phenyl or the PMMA ester).24  Any differences in the average orientation of valence orbitals in 

the homopolymers vs. the diblock copolymer would result in differences in absorption intensities and, 
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likewise, in the refractive index components.  Other possible explanations include those put forth by 

Wang et al.,12 who noted similar discrepancies between computed and fitted  and  values, and 

differences in the spectral contamination of the beam at the time of the homopolymer measurements vs. 

the time of the copolymer measurements. 

Conclusion 

The soft x-ray scattering and reflectivity results from the PS-PMMA diblock copolymer use the 

natural contrast between different types of carbon atoms in the soft x-ray energy range to obtain the 

morphology of thin polymer films.  Our complementary RSoXS and RSoXR data demonstrate the 

sensitivity of these techniques.  With RSoXS, we could extract morphological information on lamellar 

bilayers when the fraction of lamellae oriented perpendicular to the plane of the film was quite small.  

Further, the RSoXR results suggest a contrast that is not only dependent on the chemical bond types, but 

also may depend on the orientation of those bonds.  This contrast mechanism provides a path forward to 

solving the phase-separated thin film structure of more complicated systems, such as segmented block 

copolymers that would require chemical modification for examination with traditional x-ray and neutron 

scattering techniques.16, 32  These advances in thin film characterization will enhance our understanding 

of their structure-property relationships and our subsequent ability to tailor thin film properties for a 

variety of applications.  Soft x-rays hold great promise as a chemical bond-specific probe of 

compositional heterogeneity in thin films, with concomitant benefits in applying contrast variation 

techniques to solve the structure and composition of materials without the complications associated with 

chemical modification or isotopic labeling.   
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